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SUMMARY 
I 

k7 
The aerodynamic design of turbine s t a t o r  o r  r o t o r  blades requires  

accurate determination of t he  veloci ty  d i s t r i b u t i o n  on t h e  blades.  
axial flow turb ines  a quasi-three-dimensional compressible f l o w  analysis  
has been used successful ly  f o r  many years. The analysis  is based on two 
methods, one t o  obtain a blade-to-blade var ia t ion  o f  velocity,  and t h e  
o ther  t o  obtain t h e  r a d i a l  var ia t ion i n  velocity.  
methods gives a quasi-three-dimensional compressible flow analysis .  
of the calculat ions have been incorporated i n t o  a p r o g m .  
r epor t  gives a descr ip t ion  of t h e  quasi-three-dimensional flow ana lys is  
and t h e  FO~TRAN IV c=tmpJter program. 

For 

A combination of t h e  
Most 

This 

INTRODUCTION 

The aerodynamic design of ax ia l  flow nozzles and turb ine  blades re- 
quires  accurate determination o f  the ve loc i ty  d i s t r i b u t i o n  on the  blades. 
I n  t h e  flow analysis ,  three-dimensional flow e f f ec t s  are of importance. 
Methods f o r  accomplishing t h i s  ty-pe o f  ana lys i s  f o r  blade designs of 
medium or high s o l i d i t y  have been developed a t  Lewis Research Center 
(refs. 1 t o  4). 

Reference 1 gives a method f o r  determining t h e  va r i a t ion  of ve loc i ty  

A combina- 
from hub t o  t i p  on a mid-channel stream surface,  and reference 2 gives a 
method f o r  determining the  blade-to-blade va r i a t ion  velocity.  
t i o n  of t h e  two methods gives a quasi-three-dimensional flow analysis .  
Weight flow calculat ions a r e  then based on a two-dimensional in tegra t ion  
across  a passage cross section. Most of the  bas i c  ca lcu la t ions  needed 
f o r  t h i s  analysis  have been incorporated in to  a computer program t o  f a c i l -  
i ta te  p rac t i ca l  tu rb ine  design. 
pressor and Turbine Division Turbine Design program). 

The program is refer red  t o  as CTTD (Com- 

The purpose of t h i s  repor t  is  t o  give a complete descr ip t ion  of the  
quasi-three-dimensional flow analysis and of t he  use of t he  CTI'D computer 
program. This technique has been used a t  Lewis  Research Center f o r  14 
years and t h e  program has long been ava i lab le  t o  industry f o r  t h e i r  own 
use i n  turbine design. 
method and t h e  CTTD program w a s  done by t h e  staff of t h e  Compressor and 
Turbine Division a t  WlCA L e w i s  Fl ight  Propulsion Laboratory. 

The o r ig ina l  work of developing the  ana lys i s  

TM X-52234 
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SYMBOLS 

a 

b 

C 

n 

P 

r 

r 

R 
C 

T 

v 

W 

W 

z 

a 

B 

Y 

P 

‘J 

parameter, eq. ( A l )  and (A2) 

parameter, eq. ( A l )  and (A2) 

curvature of streamlines on blade-to-blade surface,  l / f t  

gravi ta t ional  constant, f t / s e c  

distance along meridional streamline, f t  

2 

distance along orthogonal t o  streamline, f t  

distance along orthogonal t o  streamline on blade-to-blade surface 
from suction t o  pressure surface, f t  

2 pressure, l b / f t  

radius, f t  

radius o f  curvature of streamline i n  rad ia l -ax ia l  plane, f t  

gas constant, ( f t )  ( l b )  /( lb) (OR) 

temperature, deg R 

absolute veloci ty ,  f t / s e c  

weight flow, lb/sec 

r e l a t ive  veloci ty ,  f t / s e c  

ax ia l  coordinate, f t  

angle of meridional streamline with t h e  a x i a l  d i rec t ion ,  deg. 

angle of streamline on blade t o  blade surface with t h e  axial 
direction, deg. (see f i g .  3 )  

specif ic  heat  r a t i o  

density, lb /f t 

ro ta t iona l  speed, radians/sec 
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Subscripts 

. 
talc 

c r  

e 

g iv  

h 

i 

m 

mid 

P 

S 

t 

9 

calculated 

c r i t i c a l  ve loc i ty  

e x i t  

given 

hub 

i n l e t  

mean 

mid-channel 

pressure 

suction 

t i p  

tangent ia l  d i rec t ion  

Superscripts 

1 absolute t o t a l  condition 

t t  r e l a t i v e  t o t a l  condition 

The object ive of t he  analysis  method is  t o  ca lcu la te  t h e  quasi-three- 
dimensional ve loc i ty  d i s t r ibu t ion  sa t i s fy ing  cont inui ty  a t  a given channel 
orthogonal surface (see f i g .  1). 
calculat ion,  o r  t he  ca lcu la t ion  may continue u n t i l  t he  maximum (choking) 
weight flow f o r  that channel orthogonal surface is determined. The ve loc i ty  
va r i a t ion  on the  orthogonal surface is calculated from r a d i a l  equilibrium 
(ref. 1) and stream filament theory (ref. 2 ) .  When t h i s  is done f o r  severa l  
orthogonal surfaces,  a ve loc i ty  d i s t r ibu t ion  over t he  blade surface i s  de ter -  
mined. The ve loc i ty  d i s t r ibu t ion  can thus be obtained f o r  t he  guided channel 
formed by the  portion o f  the  passage where t h e  blade-to-blade orthogonals 
extend from suction t o  pressure surface. The guided channel w i l l  not cover 
the  e n t i r e  suction surface.  
of suct ion surface some method must be used t o  estimate the  locat ion cf t he  
per t inent  stagnation streamline. 
on the  locat ion of the  stagnation streamline, unre l iab le  r e s u l t s  may be 
obtained on the  uncovered port ion of the blade. 

The w e i g h t  flow may be spec i f ied  i n  t h e  

To obtain a ve loc i ty  on the  uncovered port ion 

Since these ve loc i t i e s  depend c r i t i c a l l y  
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The basic  simplifying assumptions used i n  der iv ing  t h e  equations used 
are : 

1. The flow r e l a t i v e  t o  t h e  blade i s  steady. 

2. The f l u i d  i s  a per fec t  gas. 

3. The f l u i d  i s  a nonviscous gas. 

4. The f l u i d  ve loc i ty  has no r a d i a l  component. (The project ions o f  
t he  streamlines on a r ad ia l - ax ia l  plane are s t r a i g h t  l i n e s  p a r a l l e l  t o  t he  
axis.  ) 

5. The mid-channel l i n e  i s  a streamline, he re ina f t e r  re fer red  t o  as 
the  mid-channel streamline. 

6. ( a )  The gas has a constant entropy from hub t o  t i p  a t  t h e  mid-channel 
streamline a t  a f ixed axial  coordinate. This assumption i s  used i n  ca lcu la t -  
ing the  mid-channel ve loc i ty  var ia t ion  ( re f .  1). 

(b )  The gas has a constant entropy blade-to-blade along an orthogonal 
t o  t h e  streamlines. This assumption i s  used i n  ca lcu la t ing  t h e  blade-to- 
blade ve loc i ty  va r i a t ion  ( r e f .  2 ) .  

7.  A l ine connecting t h e  midpoints of t h e  hub, mean, and t i p  orthogonals 
a t  a f ixed  ax ia l  locat ion i n  the  channel i s  a s t r a i g h t  r a d i a l  l i ne .  This 
assumption i s  used i n  ca lcu la t ing  the  mid-channel ve loc i ty  var ia t ion  ( re f .  1). 

8. The meridional streamline curvature va r i e s  l i n e a r l y  from hub t o  t i p .  
(By assumption 4, meridional streamline curvature would be zero; however, t h e  
e f f e c t  of w a l l  curvature on r a d i a l  equilibrium may be considered.) 

9. There i s  free vortex ve loc i ty  d i s t r i b u t i o n  a t  t h e  i n l e t  t o  t h e  blade; 
t h a t  is, ( r V e )  i s  a constant from hub t o  t i p .  This assumption i s  used i n  

i 
ca lcu la t ing  the mid-channel ve loc i ty  va r i a t ion  (ref.  1). 

10. Uniform i n l e t  absolute t o t a l  temperature, T i .  This assumption i s  
used i n  ca lcu la t ing  t h e  mid-channel ve loc i ty  va r i a t ion  (ref.  1). 

11. An addi t iona l  assumption i s  necessary t o  ca lcu la te  t h e  ve loc i ty  
var ia t ion  f r o m  blade-to-blade along an orthogonal. 
t h i s  assumption i n  the  program. The usual assumption i s  t h a t  there  i s  a l i n e a r  
var ia t ion  of streamline curvature along an orthogonal. An a l t e r n a t e  assumption 
is  t h a t  there  i s  a l i nea r  var ia t ion  of radius  of curvature along an orthogonal. 
There i s  no par t icu lar  reason why one assumption i s  preferred over t he  other .  
For high s o l i d i t y  blading, it makes very l i t t l e  d i f fe rence  which assumption i s  
chosen. 

An opt ion i s  provided f o r  

Another p o s s i b i l i t y  i s  provided i n  t h e  program. I n  t h i s  case t h e  blade 
surface ve loc i t i e s  are calculated as above based on t h e  assumption of l i n e a r  
var ia t ion  of e i t h e r  curvature or radius  of curvature. Then f o r  t he  weight 
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flow calculat ion,  
assuming a l i n e a r  
i s  not consis tent  

density and veloci ty  along the  orthogonal a r e  computed by 
var ia t ion  of s t a t i c  pressure along the  orthogonal. 
with the assumption of l i n e a r  va r i a t ion  of e i t h e r  curvature 

This 

or  radius of curvature and should be used with caution. 

FLOW CHANNEL LAYOUT AND ENcTIxmRING DATA 

The i n i t i a l .  s teps  i n  the design, those involving the development of the  
inlet  and o u t l e t  veloci ty  diagrams, w i l l  not be described (see r e f .  5 f o r  
fu r the r  information). 
obtained, as well as the  basic  operating conditions of design weight flow, 
number of blades, gas t o  be used, operating speed and inlet  and ou t l e t  stagna- 
t i o n  temperature and pressure. 
can be drawn ( r e f .  6 ) .  
surface ve loc i ty  d is t r ibu t ion .  

It i s  assumed tha t  these ve loc i ty  diagrams have been 

From t h i s  information an i n i t i a l  blade shape 
The following steps are followed t o  obtain a blade 

A. 
ment of t he  blade channel should be accurately l a i d  out t o  sca le  several  times 
ac tua l  s i ze .  Figure 2 shows a typ ica l  blade channel- mean section. 
t i o n  need not be a t  constant radius, but t he  meridional streamline angle, a, 
should be smal l  enough t h a t  cos a i s  approximately 1.) The mid-channel stream- 
l i n e  is then drawn midway between the  suction and pressure surfaces,  as shown i n  
f igure  2. This procedure is  repeated for t he  hub and t i p  of the  blade. The 
a x i a l  coordinate locat ions of the  hub, mean, and t i p  sect ions r e l a t i v e  t o  
each other must be established. For this, an ax ia l  coordinate reference l i n e  
is  spec i f ied  on each of the three blade sect ions.  The r e l a t i v e  angular locat ion,  
0 ,  of the  hub, mean, and t i p  sect.ions i s  not considered; the e f f e c t  is  usuai ly  
negl ible  . 

Along a sect ion midway between the hub and t i p ,  a cy l lndr ica l  develop- 

(This sec- 

B. Any number of a x i a l  locat ions can now be chosen on the  three  mid- 
channel streamlines.  
each axial loca t ion  should be measured for  use i n  specifying loss  d is t r ibu t ion .  
A t  any given a x i a l  loca t ion  a curve is drawn through t h e  mid-channel streamline 
from blade-to-blade so as t o  be orthogonal t o  each blade surface and t o  the  mid- 
channel streamline,  as i l l u s t r a t e d  i n  f igure 3. This is  done a t  hub, mean, and 
t i p .  The corresponding orthogonals a t  the three  r a d i a l  blade s t a t i o n s  are posi-  
t ioned so that the in te rsec t ions  of t he  mid-channel streamlines and the  ortho- 
gonals are located a t  t h e  same ax ia l  coordinate. In general ,  t h e  in te rsec t ions  
of the orthogonals with the  suzt ion and pressure surfaces  a t  the three  r a d i a l  
sec t ions  w i l l  not be a t  the  same a x i a l  coordinates. Tnese three orthogonals 
determine a sec t ion  through the blade passage over which the  ve loc i ty  va r i a t ion  
w i l l  be determined and across which weight flow w i l l  be calculated.  
l ength  of the  orthogonal, no, is  required as input for t h e  program. 
blade surface curvatures, C, 
thogonals. These curvatures should be measured very careful ly .  The angle f3 
i s  the angle t h a t  the  mid-channel streamline makes with the axis, and is  con- 
s idered pos i t i ve  i n  the d i rec t ion  of rotat ion,  i .e. ,  /3 i s  pos i t ive  i f  the  
tangent ia l  component of the veloci ty  i s  in  the  d i rec t ion  of ro ta t ion .  

The distance along the mid-channel streamline between 

The t o t a l  
Also the 

Cp, must be measured a t  the  ends of t he  or- and 

If the  inner and outer walls are  not s t r a i g h t ,  t he  inner  and outer wall 
curvature, l/rc, should be measured a t  each s t a t iog .  
pos i t i ve  i f  the  w a l l  is  concave upwards ( f ig .  4). 

This curva twe i s  considered 
This curvature is  assumed t o  vary 
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l i n e a r l y  between hub and t i p .  
da t a  required a t  each s ta t ion .  

The hub and t i p  r a d i i  complete the  geometrical 

C. Operating conditions must be specif ied.  These include t h e  gas 
s p e c i f i c  heat r a t i o ,  y, operating speed, a, and design weight flow per channel, 
w. Also required a r e  Wcr and p" a t  t h e  hub, mean, and t i p  f o r  each or tho-  
gonal. 

from the i n l e t  ve loc i ty  diagram together with t h e  i n l e t  absolute stagna- ' e ,  i 
t i o n  temperature TI. 

The i n l e t  r e l a t i v e  c r i t i c a l  veloci ty ,  We?, can be calculated using 

where 

By assumptions 9 and 10, T' and r V are independent of radius ,  and 
i i 8 , i  

equations (1) and ( 2 )  can be used t o  determine 
passage as a function of rad ius  alone. Wcr a t  any point  i n  the  

The i n l e t  r e l a t i v e  t o t a l  stagnation pressure can be  calculated from 

Y/(Y-1) 
I? - I T" 

pi - pi T' i 
( 3 )  

The e x i t  r e l a t i v e  t o t a l  pressure, pi, can be found i n  t h e  same manner u t i l i z -  
i ng  t h e  e x i t  ve loc i ty  diagrams. 
i s  d is t r ibu ted  along the  length o f  t h e  mid-channel streamline. Usually a 
l i n e a r  var ia t ion  i s  used. Final ly ,  p" i s  given by 

To allow f o r  losses ,  t he  difference,  py - p;, 

D. The information determined above i n  s teps  B and C i s  t h e  information 
f o r  items @ t o  @ and @ on t h e  Input Data Sheet ( f ig .  5 ) .  One sheet  
i s  required f o r  each a x i a l  s t a t ion .  The ca lcu la t ion  a t  any one s t a t i o n  is  
independent o f  any other.  It w i l l  be noted t h a t  t h e  input  shee t  i s  designed 
so t h a t  only t h e  numerical values which change from sheet  t o  sheet  need t o  be 
supplied . 

The output from t h e  program includes t h e  blade surface v e l o c i t i e s  a t  each 
orthogonal and the  corresponding weight flow. These ve loc i ty  ca lcu la t ions  are 
made f o r  the  i n i t i a l  estimated value of a t  t h e  mid-channel streamline 
f o r  t h e  mean blade section. It i s  possible  f o r  t h e  program t o  determine t h e  
v e l o c i t i e s  corresponding t o  any des i red  weight flow (less than choking) o r  t o  

W/Wcr 
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determine the choking weight flow. IT t he  ve loc i ty  d i s t r ibu t ion  corresponding 
t o  the  design weight flow or  some other operating weight flow i s  not s a t i s f a c -  
tory,  t h e  blade design should be al tered,  and s teps  A t o  C repeated t o  determine 
the  new veloci ty  d i s t r ibu t ion  

DESCRIPTION OF PROGRAM INPUT AND OUTPUT FOR SAMPLE: PROBLEM 

The Input Data Sheet is shown i n  f igure 5. The quant i t ies  f i l l e d  i n  are 
f o r  a sample problem- 
subsequently. 

The output fo r  t h i s  sample problem w i l l  be presented 

General Instruct ions for 

One page must be f i l l e d  out for 
t i o n  a t  each s t a t i o n  is from a value - 

CTTD 

F i l l i n g  Out  Input Data Sheets 

each z ( a x i a l )  s t a t ion .  The basic  calcula-  
of (w/wcr) (here inaf te r  ca l led  x) - t o  

mid.m 
the corresponding weight f l o w  (w 

These are f o r  problem iden t i f i ca t ion  and w i l l  be pr in ted  as the  heading of 
a l l  z s ta t ions .  Thirty-nine characters are allowed on each l i n e ,  and they 
may be alphabetic,  numeric, spec ia l  symbols, or blanks. It is  customary t o  
f i l l  out these two l i n e s  on the first page only and write OMTI! on these two 
l i n e s  on all successive pages. However, i f  a new heading is desired,  a page 
which i s  blank except for the  v lue  "9" entered i n  @ = xR4 
page on which the new @ and 6 occw. 

) and veloci ty '  d i s t r ibu t ions .  calc  

must precede the  

JX = c) i f  l i n e a r  var ia t ion  i n  is  t o  be assumed i n  

the  ca lcu la t ion  of t he  veloci ty  d is t r ibu t ions  across the orthogonals. 

= (same;' JX) i f  l i n e a r  va r i a t ion  i n  is t o  be used i n  

t he  ca lcu la t ion  of the weight flow. 

J Z  = 1 i f  only t h e  calculat ion fo r  the one value of @I = x is wanted. 

I n  th i s  case, @ = w is  not used. giv 

JZ = 2 i f  choke conditions a re  wanted. (Solve f o r  t h e  value of x which 

) I n  this case w i s  not used. ca lc  g iv  gives m a x i m u m  value of w 

If there  is  any value of x for which @ = wgiv is  equal t o  wcalc, 
there  a r e  always two such values. 

J Z  = 3 i f  the l e s s e r  of these two solutions i s  wanted. (subsonic) 

J Z  = 4 i f  the grea te r  of these two solutions i s  wanted. (supersonic) 
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i @ @ y, r a t i o  of spec i f ic  heats  

@ u, wheel speed, (radians per second) 

weight f low,  PER BLADE, (#/sec) 

F i r s t  page. 

F i l l  out @ 4 @ and @ = K R 4  = 1. 

On any successive page, i f  values t o  be entered i n  @ -+ @ 
those i n  @ 3 0 of the  immediately preceding 

If KR4 = 0, w r i t e  OMIT i n  @ -+ @ . 
@ = KR4 = 9 
t i o n  under @ and @. 

may be entered on an otherwise blank page. See explana- 

reciprocal  o f  radius o f  curvature a t  hub, ( f t - l )  
h, 

reciprocal  of radius  o f  curvature a t  t i p ,  (ft-') 
t , 

0 
@ 

rh, radius a t  hub, (ft) 

rt, radius a t  t i p ,  (ft) 

F i r s t  page. 

F i l l  out @ -+ @ and @ = KR5 = 1. 

On any successive page, i f  values t o  be entered i n  @ -* @ 
those i n  @ -+ @ on the  immediately preceding 

page, KR5 = k) . If KR5 = 0, w r i t e  OMIT i n  @ .+ @ . 
@ @, @, @ no, length of  t he  orthogonal between suct ion and pressure 

surfaces a t  hub, mean, t i p ,  ( f t )  

@ , 8, @ c,, curvature a t  in te rsec t ion  of orthogonal with suction 

8, @, @ Cp, curvature a t  in te rsec t ion  of orthogonal with pressure 

be posi- 
t i v e  (non- 

J x = 2  

surface a t  hub, mean, t i p ,  ( f t - l )  

surface a t  hub, mean, t i p ,  (ft'') 

@ , 8,  @ Wcr r e l a t i v e  c r i t i c a l  ve loc i ty  a t  hub, mean, t i p ,  ( f t / s e c )  

8, @ , @ p"Wcr weight flow parameter a t  hub, mean, t i p  (#/ft2sec) 
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First page. 

. 

repeat those of 
1. If values 

On any successive 
iden t i ca l  t o  those i n  
write OMIT i n  @ -+ 

given above f o r  

a l l  values t o  be entered i n  @-+ @ are 
+ @ of  the  immediately preceding page, 

and KR6 = 0. If not, follow ins t ruc t ions  

( ro to r )  o r  absolute ( s t a t o r )  flow angle measured from the  
axis, (degrees), pos i t ive  i n  the d i rec t ion  of rotat ion,  mid-channel 

F i r s t  page. 

const t from hub t o  t i p ,  f i l l  i n  @ only, write OMIT i n  6 f: @ a n d B  = K R 7 = 1 .  

i n  a,@ and 

is  specif ied (nine values),  f i l l  i n  

On any successive page, if a l l  values i n  
those of t he  preceding page, write OMIT i n  
= 0. If not, follow instruct ions given 

An eight d i g i t  numerical code t o  iden t i fy  t h i s  page uniquely is  entered 
here and w i l l  be pr inted out  preceding t h e  output f o r  t h i s  z s ta t ion .  
( C a n  be used t o  code f o r  engineer, case and z-s ta t ion number.) 

c r i t i c a l  ve loc i ty  ra t io ,  ( re fer red  t o  as x immediately below). 

Computation of wcEtlc (and t h e  veloci ty  d is t r ibu t ions)  f o r  t h i s  value 

of x w i l l  be performed first. If: 

@ = J Z  = 1, calculat ion stops, and input da ta  f o r  next s t a t i o n  is  read. 

@ = J Z  = 2, x 

@ = J Z  = 3, x 

is increased automatically and calculat ions are continued 
until choking weight flow has been found. 

is  modified u n t i l  subsonic so lu t ion  is found. (Point at  
= W ). Guess as close as possible. which Wcalc g iv  

0 = J Z  = 4, x is  modified u n t i l  supersonic solut ion i s  found. Guess 
LQW. 



10 

Description of Computer Output 

An example of  t h e  output obtained i s  given i n  t ab le  I. The f i rs t  output 
i s  a l i s t i n g  of the  information on the  Input Data Sheet. 
these are ident i f ied  with the numbers corresponding t o  t h e  numbers on the  Input 
Data Sheet. p (equal ly  spaced from hub t o  t i p )  a r e  not sup- 
pl ied,  the missing values are calculated and pr inted with the  input values.  The 
remaining output is  the  calculated quant i t ies .  The f i r s t  l i n e  i s  Ws/Wmid and 

'p/'mid 9 

and b of equation ( A Z ) ,  which are labe l led  LITTLE A and LITTLE B. I K  = 1 i s  
the  hub and I K  = 9 i s  the t i p .  ALPHA is  equal t o  a ( r t  - rh)/16. M(1K) i s  

a(I;)d( and N ( 1 K )  is  be -M( I K )  . PH, PM, t h e  numerical approximation t o  

I n  t h e  sample output 

I f  nine values of  

each a t  hub, mean, and t i p .  Next are the  values of t h e  parameters a 

-J Odr, 
Lr 

r m  
ar,d FT a r e  the numerical approximations t o  b(E)e  d[ a t  t he  

hub, mean, and. t i p ,  respectively.  QH, Q,M, and QT a r e  the  numerical approxi- 

mations t o  e . The r e l a t i v e  ve loc i t i e s  ra t ioed  t o  the  r e l a t i v e  c r i t -  
i c a l  ve loc i ty  a t  the  hub, mean, and t i p ,  f o r  suct ion surface,  mid-channel and 
pressure surface a re  followed by the  values of A ( 1 , K )  (pW/p"W,,). The f i rs t  
l i n e  i s  a t  the hub a t  8 equal in te rva ls  from the suct ion surface t o  the  pressure 
surface.  A ( I K )  a r e  a t  t he  mean and t i p ,  respec- 
t i v e l y .  On the next l i n e  N i s  the  number of t he  i t e r a t i o n  fo r  t h i s  orthogonal, 
X i s  the  value of (W/Wcr)mid,m fo r  t h i s  i t e r a t ion ,  WT FLOW CALC is  the  
corresponding calculated weight flow, wcalc ,  and 

1 - wcalc/wgiv. 
PT, e t c . ,  do not change, hence f o r  t he  second and following i t e r a t i o n s  only the  
l i n e s  following t h i s  are printed.  
t he  convergence c r i t e r i o n  i s  not s a t i s f i e d ,  t h e  statement '"LIMIT (5)  HAS BEEN 
REACHED" w i l l  be  printed.  

The second and t h i r d  l i n e  of 

D i s  t h e  measure of e r r o r  
If more than one i t e r a t i o n  i s  done, t he  values down t o  PH, PM, 

A maximum of 5 i t e r a t i o n s  i s  performed. If 

The message CALCULATION OF A ( I K )  AT ST. NO. 152+5 I N  CWD MP ASKS FOR 
REMAINING CALCULATIONS THIS ITERATION THEREFORE INVALID. LOG OF NEG. 

caused by an e r ror  i n  the  input cards. 
must be changed. 

is  usual ly  
If t h i s  i s  not t he  case, t he  blade design 

CTTD COMPUTER PROGRAM 

The program consis ts  of the main program and two subroutines, PABC and 
VSUBX. PABC ca lcu la tes  the  coef f ic ien ts  A, B, and C of t h e  parabola 
y = Ax2 + Bx + C passing through three  given points.  VS-JBX ca lcu la tes  the  
r a t i o  of t he  ve loc i ty  a t  any point on an orthogonal t o  the  mid-channel veloci ty ,  
using equation (A4) or  (A5). 
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C CTTD M A I N  PROGR4M 
DIMENSION 

EQUIVALENCE(  WS( 1) r WSH) t ( W S (  2) vwSM) 9 IWS(3  1 t WST) 9 

E N 0 1 3 ) , C S ( 3 ) r C P ( 3 )  r W C R ( 3 )  rPWCR(3)  r V S ( 3 ) r V P ( 3 )  rUM(31, 
1st 3 )  9 BETA (9) r ALF ( 9 )  *EM( 9) r CAPN ( 9 )  9 A t 9 1  9 B (  9 )  t US ( 3 1 rWP( 3 1 

1). WPM 1 ,( W P ( 3 ) t  WPT) 
* 001 UP4 1) t WPH) 9 (WP( 2 

DATA N l X M ~ T L X M / 5 , ~ O O l O /  
- 400 FORMAT ( 4 O H 1  1 

401 FORMAT ( 4 O H  1 
402 FORMAT (7x1) 
404 FORMAT (3E9.5) 

408 FRRYAT (5E9 .5 )  
406 FORMAT ( 4 E 9 0 5 )  

410 FORMAT ( l H 0 9 2 1 4 9 E 9 0 5 1  
412 FORMAT ( 1 1 H O  G 4 Y M A  = r f l 2 o S r l l H  OMEGA = r E 1 2 - 5 r l Z H  WGIVEN = 9 

l E 1 2 . 5 )  

1 W SUB CR RHO U CR 1 / R  SUB c R) 
414 FORMAT (106HO N ZERO C SUB S C S U B  P 

415 FORYAT 410HO HUB t7E15.5) 
417  FORMAT (10H MEAN 95E1505)  
418 FORMAT (10H T I P  t 7 E 1 5 - 5 )  
4 2 0  FORMAT ( l 7 H O  BETA) 
422 FORMAT ( 1 H 0 , 1 7 r I 4 t E 1 5 m 5 r 3 1 4  t 1 1 3 9 3 1 1 / / / )  
4 3 0  FDRYAT1/6HO VSH=tE12-5,6H VSM= E 1 2 o 5 1 6 Y  V S T = r E l 2 o S r 6 H  V P H = r E L Z o  

1 5  9 6H VPM=t E 12 o 5 9 6H VPT=t  E l  20 5 9 /45 HO I K L I T T L E  A L I T T L E  
28 ALPHA / I  

432 FURMAT ( I 4 9 W 1 5 0 5 )  
4 3 4  FORYAT (3lHO I K  M I I K )  N I I K )  / I  
436 FORYAT ( I 4 , 2 E l 5 - 5 !  
438 FORMAT ( 6 H O  P H = ~ E 1 2 0 5 t 6 H  PM= E12m5,6H P T = t E 1 2 0 5 , 6 H  QH=,E 120 

15phH OH=,E12oSrbH O T = t E L 2 - 5 )  
440 FORYAT 1 / /9HO WSH = t E 1 2 r 5 t 9 H  WNH = r E 1 2 r 5 t 9 H  WPH = t E L 2 0 5 r / 9  

1H WSM = , E 1 2 o S t 9 H  WMM = t E 1 2 o 5 , 9 H  WPM = r E 1 2 0 5 , / 9 H  WST = 9 

2 E 1 2 - 5 t 9 H  HMT = t F 1 2 0 5 9 9 Y  MPT = t E 1 2 0 5 / / )  
4 4 2  F O R M A T  (8H A I  I K ) = r 9 E 1 2 o S )  
444 FORMAT ( 7 H O  N = rIlrl6H X = WMM/WCR = r E l Z o 5 ~ 1 8 H  WT FLOW C A L C  

006 READ( 5r400) 
008 READ ( 5 r 4 0 1 1  
0 LO RE AD 
012 I F ( K R 4 )  2 5 9 1 4 9 2 5  
014 I F ( K R 5 )  3 0 r l 6 r 3 0  
016 If ( K R 6 )  189209 18 
018  I F ( K R 6 - 1 )  4 2 9 3 4 ~ 4 2  

- 020 I F I K R 7 )  2 2 9 6 6 . 2 2  
0 2 2  I F ( K R 7 - 1 )  2 4 ~ 4 8 9 2 4  
0 2 4  I F ( K R 7 - 3 )  64156~64 
025 
026 HEAD 

1s , E 1 2 * 5 r 7 H  0 = rE12-5) 

( 5 9 402 1 J X ,  J Y  , J 2 v KR4 p KR5 r KR6 9 KR7 

I F (  K R 4 - 9  1 26r 6 9  26 
( 5r 404 1 GAYMA t OMEGAV WGI V 

0 2 8  GO TO 14 

0 3 2  GO TO 16 
030 READ (5,406 lRCH,RCT,RHtRT 
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034 READ 
036 DO 38 Kz1.2 

( St 408)ENO( 1) .C S (  1) ,CP( 1 1 tWCR ( 1) 9 PWCR( 1 1  

ENO(K + I  )=€NO( K 1 
CS (K+l)=CS ( K I  
CPl K+ 1 )=CP ( K  1 
WCR( K +1)=WCR ( K  1 

038 PWCR(K+L)=PWCR(K) 
040 GO TO 20 
042 00 44 1 ~ 1 ~ 3  

046 GO TO 20 
048 READ ( S r 4 0 4 ) B € T A (  1) 
050 DO 52 I K = 1 t 8  
0 5 2  BETA( I K + l ) = B E T A (  I K I  
054 GO TO 66 

044 READ ( St 408 1 €NO( I 1 V C  S ( I 1 t C P ( I 1 t WCR ( I v PWC R(  I 

56  READ ( S t 4 0 4 ) B E T A (  1) r B E T 4 1 5 ) r B E T A ( 9 )  
58 DO 60 K = l t 5 t 4  

59 DO 60 J =  1.3 
TEMP=( BETA(K+4)-BETA ( K  1 1 /4- 0 

KJ=K+J 
BETA( K J  1 =BETA ( KJ- 1 )+TEMP 

60 CONTINUE 
062 GO TO 66 

6 4  READ (5,404)(BETA(IK).IK=lt9) 
066 REA0 (59410) 101. I D 2 . X  
068 WRITE (6r4OO) 
070 WRITE (6.401) 
072 WRITE ( 6 ~  412 )GAMMA .OMEGA e WGI V 
074 WRITE ( 6 , 4 1 4 )  
076 WR I TE ( 6 . 4  16 )€NO ( 1 1 C S (  1) t CP(  1 1 ,WCR ( 1 1 t PHCR ( 1 I v RCHI RH 
078 WRITE 
080 WRITE ( 6 . 4 1 8 ) E N 0 ( 3 1 . C 5 ( 3 ) r C P ( 3 )  .WCR(3)rPWCR(3) r R C T t R T  
0 8 2  WRXTE ( 6 . 4 2 0 )  
084 WRITE (6.416 )BETA ( 11 9 BETA ( 2 I .BETA ( 3 )  
086 WRITE (6r417 ) B E T A (  4 )  *BETA*( 5 )  t B E T A ( 6  1 
088 WRITE ( 6 9  418 3 BETA ( 7 )  r BE TA( 8 *BETA (9) 
090 WRITE (69422) IOlrID2,XtJKt J Y t J Z r K R 4 r K R S t K R 6 t K R 7  
100 PM = 0.0 

QM = 1-0 
MPSET = 1 
NC = 1  
KSTAR = 1 
N = o  
XOLO = 0 - 0  
TWOOM = 2oWOMEGA 

1: 6.417)ENO( 2) ,C S( 2 )  t CP( 2) r W f R  (2 1 rPWCR( 2) 

C 1  =L GAMMA-1.0 
c2 = GAMMA/Cl 
c3 = Cl/(GAMMA+l.O) 
c4 = l.O/GAMMA 
c5 = l . O / C l  
OR = RT-RH 
OR6 = O R / 6 - 0  
OR16 = DR/l6,O 
OR24 = DR/24.O 
DR C = RCT-RCH 
P=O.O 
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101 DO 104 I=113 
CALL VSUBX ( €NO( I 1 s C S ( I r C  P I  I rP 9 J X  9 VX 1 

104 V S t I )  = VX 
106 P = 1.0 
L O 8  DO 110 I 1.3 

C A L L  VSUBX ( E N O ( I ) , C S ( I I I C P ( I ) . P I J X I V X )  
110 v p w  = vx 
112 WRITE ( 6 t 4 3 O ) V S I 1 ) . V S ( 2 ) r V S ( 3 ) r V P ( l ) , V P ( 2 ) r V P ( 3 )  

116 00 120 I K = 1 1 9  
114 P = 0.0 

RK =RH+P*DR 
RCK =RCH+P*DRC 

8t IK) =TWOOH*SNB 
SNB2 =SNB*SNB 

AK 
ALF( I K ) = A K * O R 1 6  

SNB = S I N ( B E T A (  I K ) * o 0 1 7 4 S 3 2 9 )  

C S 6 2  = l o O - S N B 2  
=( CSB2*RCK 1- ( SNB 2/RK 1 

118 WRITE ( b r 4 3 2 ) I K * A K . B (  I K ) , A L F ( I K )  

122 E M ( 4 )  = -ALF ( SB-ALF ( 4 1  
EM( 3)  = E M ( 4 ) - A L F ( 4 ) - A L F ( 3 )  
E H ( 2 )  = E M l 3 ) - A L F ( 3 ) - A C F ( Z I  
EH4 1) = E H ( 2 ) - A L F ( Z ) - A L F C L )  
E M ( 6 )  = +ALF ( 5 )  +ALF ( 6) 
€ M I 7 1  = € ? 4 ( 6 ) + A L F ( 6 ) + A L F ( 7 )  
EM( 8 )  = E H ( 7 ) + A L F ( T ) + A L F  ( 8 )  
E X ( 9 )  = E M ( B ) + A l F ( 8 ) + A L f ( 9 1  

120 P = P + - 1 2 5  

EM451 =OoO 
. 123 WRITE (69434) 

124 DO 126 I K  ~ 1 9 9  

126 WRITE (6r436)IKvEHIIK)rCAPN(IK) 
CAPNI I K  )=B ( I K  1 /EXP( EM( I K  ) I  

128 PH=-DR 24* ( C A P N l 1 1  *CAPN( 5 )+2. O*CAPN( 3 1 +4. O* ( CAPNf 21 +CAPN (4 1 1 
PT=+DR24*( CAPNt 5 )  +CAPN( 9)+2,O*CAPN( 7)+4.0* (CAPN( 6 )  +CAPN ( 8 1 1 1 
QH =EXP(EM( 1 ) )  
QT =EXP(EM(9)  1 

130 UR I TE ( 6 9 438 1 P He PM r P T r  QH 9 QHr QT 
140 UH( 1) =QH*(X*~CR(2 ) -PH) /WCR(1)  

=QT* ( %* WCRI 2 1-P T /WCR( 3 1 WHt 3) 
H H (  2 ) = X  
WSH =W4( l ) * V S (  1 )  
U S 1  =WH( 3 ) * V S ( 3 )  
WPH =WM( l ) * V P (  1) 
WPT =WH( 3)*VP(  3) 
WSH = K * V S ( 2 )  
WPM =X*VP(2)  

142 WRITE 
144 DO 166 1 ~ 1 9 3  
146 S I G A  ~ 0 . 0  

( 6 9 440 ) WSH, WH ( 1 1 9 WPH r HSH. WM ( 2 1 r WPM 9 WST 9 WM ( 3 1 9 WPT 

P=O.O 
ENOC = E N O ( I )  

148 GO TO ( 1 5 0 , 1 5 0 r 1 5 8 1 . J Y  
150 CPC =CP( I )  

csc = C S ( I )  
WMC = W M ( I )  
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152 DO 154 I K = 1 , 9  
CALL VSU8 X t ENOC rC SC tC PC 9 P r J X  9 VX 1 
L K  =VX*WMC 

TEMPO = lm-C3*ZK*ZK 
IF( T EHPO 1 11539 1 1531  153 

W R I T E ( 6 r  1 2 3 4 )  
1153 TEMPO = ABS(TEMP0) 

1 2 3 4  fORMAT(56H CALCULATION OF A ( 1 K )  A T  ST, NO, 152+5 I N  CTTD MP ASKS 
L 2 3 4 1 r 6 0 H F O R  LOG OF NEG, REMAINING CALCULATIONS T H I S  I T E R A T I O N  THERE p - 
1 2 3 4 2  13HFORE I N V A L I D ,  1 

153 A (  I K )  = (T€MPO**CS)*LK 
S I G A  =SIGA+A( IK) 

154 P = P + o 1 2 5  
156 GO TO 164 
1 5 8  ELS =( 1 m O - C 3 * W S (  I ) * W S ( I ) ) * * C 2  

ELP =( L.O-C3*WP(I )*WP(I ) )**C2 
160 00162 I K x l . 9  

C A P J  =ECS*P*I ElP-ELS 1 
TEMP =CAPJ**C4 
A (  I K )  =TEnP+SQRT((l,O-CAPJ/TEMP)/C3) 
S I G A  =SIGA+A( I K )  

162 P = P + o L 2 5  
164 WRITE 1 6 1 9 + 2 1 ( A (  I K ) r I K = l r 9 )  

166 S (  I )  =(SIGA-THP)*(ENOC/8.0) 
168 N =N+1 

TMP = .S* (A(  l l + A ( 9 )  1 

W =DR6*( S (  1 )*PWCR( 1 ,+4,0*S( 2)*PWCR(2 ) + S ( 3  ) * P W C R ( 3  1 )  
D = l * O - ( U / W G I V )  

170 WRITE ( 6 1 4 4 4 ) N r X r W q D  
172 GO TO ( 1 0 ~ 1 7 4 ~ 1 7 4 r 1 7 4 ) r J Z  
174  IF ( N L I H - N )  1 7 6 r 1 7 6 r 1 8 0  
176 WRITE ( 6 , 5 0 0 ) N L I M  
500 FORMAT (13HO N L I H I T  lrX3rl8H) HAS BEEN REACHED 1 

180 GO TO (182 ,186 ,198 ,198)pJZ  
178 GO TO 10 

I 1 8 2  WRITE (6,5011 
5 0 1  FORHAT I 1 9 H  ERROR STOP AT 180 I 
184 GO TO 10 
186 GO TO ( 1 8 8 r 1 9 2 r Z S 6 ) r K S T A R  
188 KSTAR 12 
190 GO TO 210 
1 9 2  KSTAR =3  
194 GO TO 240 
198 I F  ( ABS( D )-TL IM 1 101 200r200 
200 GO TO 4 2 0 2 , 2 3 0 ~ 2 4 2 r 2 5 6 ) 1 N C  

2 0 4  I F 1  A B S t D  ) - ~ 0 5 ) 2 0 6 ~ 2 1 0 ~ 2 1 0  
202 NC=2 

206 DX =,OS 
2 0 8  GO TO 212 
210 DX =,20 
212 X l = X  

W l = W  
01=D 

214 I F (  0-GT.0-0) X = X + D X  
216 I F (  D o L T - 0 - 0 )  X=X-DX 
226 GO TO 140 
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230 NC=3 
232 I F 4  0*011238r234r 240 
234 WRITE (6,503) 
503 FORMA1 ( 1 9 H  ERROR STOP AT 232 
236 GO TO 10 
238 DX =,5*0X 

HPSET -2 
240 X2=X 

W2=H 
02=0 

241  GO TO 214 
242 I F (  0+021248r244,250 
244 WRITE (4.5011 
504 FORflAT f 1 9 H  ERROR STOP AT 242 
244 GO TI3 10 
240 HPSET =2 
250 GO TO (252.256)rMPSET 
252 Xl=X2 

wr=w2 
Dl=DE 
x2=x 
w2=w 
02=0 

254 GO TO 214 
256 X 3 = X  

w3=w 
03= D 

260 
262 

CALL P 
GO TO 
WR I TE 

'ABC I X 1, X2r X3 T W  1 t U2t W3rAPAB 
( 2 6 2 ~ 2 6 6 ~ 2 9 0 r  290) t J 2 
16t505)  

BPABe CPAB ) 1 
1 

SO5 FORMAT f 1 9 H  ERROR STOP AT 260 1 
264 GO TO 10 
266 X =-0PAB/(APAB+APAB) 1 

268 I F (  ~OOl-ABS~X-XOLD1)270~270tLO 
270 XOLD=X 1 
272 IF (Wl -WZ1 274.280~280 1 
274 IF(WL-W31276~14O~140 

1 

276 X1=X3 
Ul=U3 
D l = D 3  

276 GO TO 140 

282 X2=X3 1 

280 IF(W2-W3)282r140r 140 1 
W2=W3 
02=D3 

204 GO TO I40 
290 DISC=BPA6*+2-4,O*APAB*(CPAB-~GI V I  
292 I F  (D ISC)294 t298 t296  
294 W R I T E  4 6 ~ 5 0 6  1 
506 FORWAT(55H PABC F I T  G I V E S  NEGATIVE DISCRIMINANT. PROBABLY CHOKED. 1 
296 GO 10 10 
299 XPL=I-BPAB+SQRTt DISC 111t APAB+APAB) 1 

X M I = r - ? P A B - S Q R T ( D I S C )  ) / IAPAB+APAB) 
300 GO TO (302+302,306,308)tJZ 1 
302 U R I T E  (69507)  
507 FORHAT (19H ERROR STOP A T  300 1 I 
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304 GO TO 10 
306 X = A M f N l t X P L ~ X M I )  

GO TO 316 
308  X = A M A X L ( X P L , X M I )  
316 I F  ( ABS(  0 1 )-AB S I  02 1 1 31 89 32 01320 
318  I f  ( A B S 4  02)-ABS(D3) 1328,3221322 
320 I F  IABS(Dl)-ABS(D3))328t326r326 

I 322 X2=X3 
H2=W3 
D2=03 

324 GO TO 328 
326 X l = X 3  

W 1 = W 3  
D1=03 

3 2 8  N C = 4  
330 GI3 TO 140 

EN 0 

C SUBROUTINE P4BC 
SUBROUTINE P ABC 
c9 = X l + X 2  
C l l = X  l * X  1 
c 15=x 3-x 1 
C18= ( W 2 - H l ) / ( X 2 - X 1 )  
A= ( C L5*C 18-W3+W11/ IC 15*C9-X3*X3+C 11 1 
R=C18-C9+A 
C=W L - X l * B - C l l * A  
RETURN 
END 

( X I ,  K2r X 3 ,  W 1 rW2 rW3, A.  8 r C  1 

C SUBROUTINE V S U B X  
SUBROUTINE VSUB X f E N * C S . C P I P * J X * V X )  

700  GO TO (7C2 ,706) rJX  
703 V X = E X P t E N * t C S + (  ,S-P)+,5etCS-CP)*(P*P-a25)) 1 
704 GO TO 7 1 4  
706 IF ( C S - C P )  7 1 2 + 7 G € ! r 7 1 2  
708 V X = E X P (  EN+CS+( -5-P 1 1  
710 GO TO 7 1 4  
712 V X =  4 2 .0+(  I P*( CS-CP)+CP)/ ( C S + C P )  )**tEN*CS*CP/ICP-CS 1 
714 RETURN 

END 
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L i s t  of Program Variables i n  Main Program 

W array for  nine values of -A 
P 'Wcr 

A 

AK 

ALF 

a 

( r t  - rh) 
16 

array for  nine values of a 

coefficient of x2 calculated by subroutine PABC APAB 

B array fo r  nine values of b 

BETA array, input, p 

BPAB coefficient of x calculated by subroutine PABC 

C1 Y - 1  

Y 
r - 1  c2 

y- - 1  
Y + l  c3 

1 
Y 
- c4 

1 
Y - 1  c5 

4 
P 

CAPJ 

-EM array, be CAPN 

CP 

CPAB 

C p c  

cs 

CSBZ 

csc 

cP array, input, 

constant coefficient calculated by PABC 

temporary storage f o r  current value of CP 

array, input, Cs 

2 cos j3 

temporary storage for  current value of CS 

Wcalc 1-- 
giv W 

D 
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D l , D 2 , D 3  temporary storage for  various values of D 

DISC temporary storage 

DRC 

DX a rb i t r a ry  change i n  x ( value of cr) - m> for  next calculat ion 
mid, 

ELP 

of weight flow 

32 
P " 

EM array, a d( (Trapezoidal rule i s  used) 

array, input, n 0 
EN0 

moc temporary storage fo r  current value of EN0 

GAMMA input, r 
I index of most loops executed 3 times ( f o r  hub, mean, t i p )  

I D 1  input, z s t a t i o n  code, 4-digi t  number supplied as input and 
pr in ted  out fo r  i den t i f i ca t ion  

ID2 input, z s t a t i o n  code, 4-digi t  number supplied a s  input and 
pr inted out for  i den t i f i ca t ion  

IK index of most loops executed 9 t i m e s  

J index of an input storage loop 

Jx input 

JY input 

J Z  input 
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K 

1 I(R4,KR5,KEl6,KR7 

KJSTAR 

M 

Mc 

NLIM 

OMEGA 

P 

PH 

PM 

PT 

m 
QH 

&M 

QT 

RCH 

RCK 

iodex fcr 2 loops co=ltrolling storage of input 

temporary storage K + J 

input, read control switches 

switch-controls branching for  successive values of x, 
In i t ia l ized  by program i f  choke solution is wanted. 

and automatically stepped. 

switch-controls branch t o  continue calculations or c a l l  
subroutine PABC. 
as a result of calculations. 

In i t i a l i zed  by program and a l te red  

comter  for number of times w e i g h t  f l a w  is  calculated. 
When 11 = M ; I M  calculation fo r  t ha t  page of input 
is stopped md a message wri t tea  a t  end of output. 

switch-controls branching for  successive values of x 
when subsonic or supersonic solution is  wanted 

constant (supplied i n  ILATA statement) l i m i t i n g  number of 
t i m e s  weight flow calculation can occur fo r  1 sheet of 
input data 

input, w 

be-m dr  (Simpsonfs ru le  i s  used) r 
0 

be-m dr (Simpson's rule is used) 
J r m  

array, input, pWCr 

e* a t  hub 

1.0 

e m  a t  t i p  

input, (l/rClh 
current value of l/rc 



RCT 

RH 

RK 

RT 

S 

SIGA 

sm2 

SNB 

m 

TEMPO 

TLIM 

TMP 

TWOOM 

VP 

vs 

vx 

W 

wl,wZ,w3 

WCR 

WG I V  

WM 

-2 0- 

input, rh 

current value of r 

input,  rt 

array,  values of d n  a t  hub, mean, and t i p  

temporary storage, cn(nr) 
s i n  p 2 

s i n  p 

temporary storage 

temporary storage 

constant (supplied i n  DATA statement). Calculation is  terminated 
W 

whenever subsonic or  supersonic solut ion 

is  sought. 

temporary storage 

2cu 

array, three values of ve loc i ty  (calculated i n  SI 
for pressure surface a t  hub, mean, and t i p  

#rout ne V S ~ )  

array,  th ree  values of ve loc i ty  (calculated i n  subroutine VSVBX) 
fo r  suction surface a t  hub, mean, and t i p  

r a t i o  of veloci ty  t o  mid-channel ve loc i ty  

m i d , m  
weight flow calculated for  current value of 

temporary storage for various values of weight flow 

array,  input, Wcr 

input, wgiv 

array,  mid-channel values of - a t  hub, mean, and t i p  
'cr 
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WMC 

wp 

WPH 

WPM 

WPT 

ws 

WSH 

WSM 

WST 

X 

Xl,X2,X3 

m;I 

XOLD 

XPL 

ZK 

current value of WM 

array, - on pressure surface a t  hub 
'cr 

mean and t i p  

array, $ on suction surface a t  hub, mean, and t i p  
c r  

for  which the  
mid,m 

input, a l so  the  current value of 

weight f l o w  i s  calculated 

temporary storage f o r  various values of x 

t he  lesser  of the two vaiues of x a t  which the l i n e  y = wgiv 
2 intersects  the parabola y = APAB(x ) + BPAB(x) + CPAB 

temporary storage f o r  a value of x when choking weight f l a w  is 
sought 

the larger  of the two vdues  of x a t  which the l i n e  y = w giv 
intersects  the parabola y = AJ?AB(x2) + BPAB(x) + CPAB 

W current value of - at any point 
'cr 
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In  reference 1 a di f fe ren t  
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ANALYTICAL EQUATIONS 

a1 equation i s  deriveL for t he  var ia ,  
of ve loc i t ies  i n  a r a d i a l  d i rec t ion  based on t h e  assumption of a mid- 

.on 

channel stream surface (axial symmetry) which is  r a d i a l  a t  any f ixed axial 

pos i t ion  ( i .e .  , = 0 on the  midchannel stream surface).  This equation i s  a2 

where 

- -  dw - aW - b 
dn 

cos'p sin2p a =  rc r cos a 

a + t a n  a - dwe) 
b = s i n  B(- cos a dm 

The coordinate system i s  shown i n  f igure  6 .  

With the assumption t h a t  a is  su f f i c i en t ly  s m a l l  s o  t ha t  cos a 
i s  nearly 1 and t an  a is nearly zero, we can set  d n  = dr t o  obtain 

dW - =  aW - b 
dr 

where 

- cos2p - sin2p a -  r 

b = ZCU s i n  p 

An analy t ica l  solut ion of equation ( A 2 )  is  

(A31 

a( (m 

f o r  t h e  midchannel stream sheet.  

W ( r )  = e 

@ and wcr,m 0. 
mid, m 

i s  computed from the  input values 'mid,m 

With equation (A3)  the  midchannel ve loc i t i e s  a t  the hub and t i p  can then 
be calculated from the value of Wmid,m. For computing t h e  integrat ion i n  
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. 

. 

equation (A3), the interval  rh t o  rt is  divided in to  eight equal 
intervals .  only 
four integration s teps  are  required i n  each direction. 
is  done numerically using the  trapezoidal rule. In  the case where B 
i s  given as input only a t  hub, mean, and t i p  (rather than a t  all nine 
s ta t ions)  l ineax interpolation is used t o  determine the values which are 
not given. The meridional streamline curvature, i s  assumed t o  vary 
l i nea r ly  from hub t o  t i p .  

Since the integration is  s ta r ted  a t  the mean radius, 
The integration 

and The ra t io s  of surface velocity t o  midchannel velocity, - wS (,mid 
can be computed based on an assumption of l inear  var ia t ion of L, Wmid 

e i ther  streamline curvature or streamline radius of curvature. These 
equations are derived i n  the ne-xt section. 
ture is  assumed, 

If l inear  var ia t ion of curva- 

1 

- e  (A41 
W =- 

where 
face. 
f r o m  ( A 4 ) .  
is  assumed 

n is  the distance along the orthogonal f r o m  the blade suction sur- 
Thus, the velocity can be determined a t  any point on the  orthogonal 

If, on the other hand, l inear var ia t ion of radius of curvature 

W -= 
w ~ d  

i f  cp # C, 

By subst i tut ing n = 0, and n = % i n  equation (A4) or equation (AS) ,  
and using the results from equation (A3), the  blade surface velocity at  
hub, mean and t i p  can be computed. 

With the  ve loc i t ies  obtained, the weight flow past the orthogonal 
can be computed. This is calculated from 

The inner in tegra l  is  computed a t  hub, mean, and t i p  using eight equal 
intervals  f r o m  suction t o  pressure surface, and using the trapezoidal rule. 
If JY = 1 or 2 ( l inear  curvature or radius of curvature var ia t ion)  the 
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c r i t i c a l  veloci ty  r a t i o s  

and equations (A4)  o r  (a), and ( A 3 ) .  

is  then calculated from 

- , a r e  computed using t h e  input value of Wcr ' Wcr 
The weight flow parameter, ,&, 

P b c r  
1 

If 
s t a t i c  pressures a r e  calculated based on t h e  surface v e l o c i t i e s  

JY = 3 ( l i n e a r  v a r i a t i o n  of s t a t i c  pressure),  then t h e  blade surface 

+#- 

and then pressures along the  orthogonal are calculated by 

then 

After computing the  inner i n t e g r a l  i n  equation (A6) a t  hub, mean, 
and t i p ,  the outer i n t e g r a l  i s  approximated by Simpson's R u l e .  If 
J Z  = 1, no fur ther  calculat ions a r e  made. 

If J Z  = 2 ,  fur ther  calculat ions a r e  made with new values of 

t o  g e t  t h e  weight flow, w, as a function of 
($)midim 

W 
Using a parabolic approximation,the value of - giving maximum 

(wcr)mid,m 
f w \  

weight flow can be estimated. When two successive estimates of - 
Wcr)mid,m 

d i f f e r  by l e s s  than 0.001, t h e  computation is  stopped. 
flow i s  normally determined within 5 i t e r a t i o n s .  

The maximum weight 
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If J Z  = 3 or 4 further calculations are  made t o  determine a 

: *  

I .  

Of )mid, which w i l l  give a weight flow, w, which i s  

close t o  the input value, w If w is  l e s s  than choking 

weight flow, there a re  two values of (W/W 

W = w . If J Z  = 3 the smaller, or subsonic, value of calc giv 

('/'cr 'mid, m 

solution w i l l  be found. When I w 

t ions are stopped. A solution is normally found within f ive  i te ra t ions .  

giv' giv 

) which w i l l  give c r  mid,m 

w i l l  be found. If J Z  = 4 the larger ,  or supersonic, 

- w 
g iv  calc 

1 <0.001 Wgiv the calcula- 

If w 

I n  t h i s  case calculations are made for f ive  values of (W/Wcr)mid,m 

and t h e  choking weight flaw can usually be estimated from these values. 

i s  larger  than the choking weight flow no solution ex is t s .  
g iv 

Blade t o  Blade Velocity Variation 

The method of calculating blade surface veloci t ies  from mid-channel 
ve loc i t ies  i s  based on reference 2. 
steady re la t ive  t o  the blade, nonviscous, and isentropic along the blade 
t o  blade streamline orthogonal yield 

The assumptions tha t  the flow is  

dW W - =  - -  
dn re 

This is  equation (1) of reference 2 and can be derived from the  force 
equation. 

If it is  assumed that the curvature, C = l/rc, varies l inear ly  

along the  orthogonal, the equation can be integrated t o  obtain 
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which i s  equation ( 7 )  of re ference  2 .  
vary l i nea r ly ,  

Since t h e  curvature i s  assumed t o  

c = c s + ( c  P - c ) L  s n  
0 

When equation (Al3) i s  subs t i t u t ed  i n  equation ( A l 2 ) ,  equation (A4) i s  
obtained. 

If it is assumed t h a t  t h e  rad ius  of curvature v a r i e s  l i n e a r l y ,  then  

Using t h i s  i n  equation (All) we have 

Subs t i tu t ing  rc = $ i n t o  equation (Al6) and solving f o r  - ' , equation 
'mid 

(A5) i s  obtained when C s  # C p .  

i s  a constant i n  equation (All), and an i n t e g r a t i o n  gives 

For t he  s p e c i a l  case where C s  = C p ,  rc 

= csno(+ - g) (n - 2) 
r - -  w l o g  - - 

'mid C 

which i s  equivalent t o  equation (A5) when C, = Cp. 
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@ SLMPLE PROBLEM 

@ NEGATIVF REdCTlON TURBINE 

@GAMM4 = O.14OWE 01@OUEGA = 0.488OOE 03@ffiIVEN = 0.59170E 00 

TABLE I 

N LFRO c SUB s c WB P Y SUB CR RHO Y CR 1 I R  SUB C 

0-15710E 02 O - B B Z O O E  01 0.94970E 03 0.47160E 02 B O .  
0-14160E 02 0-84ZOOE 01 0.95740E 03 0.49520E 02 

TIP O.1ZOOOE 02 Q 0.63000E 01 Q Q  0.96660E 0 3  0.52540E 02 @ O .  

BETA 

HUB @-0.50000€ 01 -0.78250E 01 -0.10650E 02 
MEW -0.134TSE 02@-0.1630OE 02 -0.19350E 02 
T I P  -0.ZZIOOE 02 -0.2545- 02@-0.285OOE 0 2  

VSH= 0.13422E 01 

IU L I T T L E  4 
1 -0.86813E-02 
2 -0.20107E-01 
3 -0.35256E-01 
4 -0.53463E-01 
5 -0.7414OE-01 
6 -0-98961E-01 
7 -0-12559E 00 
8 -0.15349E 00 
9 -0-18214E 00 

IU U I  IUI 
1 0.70424E-02 
2 0.63616E-02 
3 0.50701E-02 
4 0.29907E-02 
5 0. 
6 -0.40571E-02 
7 -0.93200E-02 
B -0.15861E-01 
9 -0.23727E-01 

PH= 0.33632E 02 

VS*= 0.14145E 01 VST= 0.14594E 01 

L I T T L E  B ALPHI 
-0.85064E 02 -0.20347E-03 
-0.132886 03 -0.47126E-03 
-0.18037E 03 -0.82632E-03 
-0.22743E 03 -0.12530E-02 
-0.27393E 03 -0.17377E-02 
-0.32339E 03 -0-23194E-02 
-0.37192E 03 -0-29435E-02 
-0.4194lE 03 -0.35973E-02 
-0.46571E 03 -0.4269OE-02 

NIIK) 
-0.84467E 02 
-0.13204E 03 
-0-17946E 03 
-0.22675E 03 
-0.21393E 03 
-0.32470E 03 
-0.3754lE 03 
-0.42612E 0 3  
-0.47689E 03 

PM= 0. PT=-0.70389E 02 

vPn= 0 . ~ 0 1  .E 00 

OH= 0.10071E 01 

vPM= 0. 

R 

0 0.87500E 00 

@O-l2500E 01 

449E 00 V P T =  0.75868E 00 

OM= O.1OOOOE 01 QT= 0.97655E 00 

YSH = 0.10422E 01 UMH = 0.77652E 00 UPH = 0.6ZZO4E 00 
YSU = 0.11316E 01 YMM = 0 . 8 O O O f f  00 #PI1 = 0.61159E 00 
Y S T  = 0.12331E 01 YMT = 0.84492E 00 YPT = 0.641036 00 

4 l I U l =  0.63259E 00 0.6328ZE 00 0.62495E 00  0.61191E 00 0.59588E 00 0.57841E 00 0.56057E 00 0.54312E 00 0.52655E 00 
AllU)= 0-62W35E DO 0-63325E 00 0.6313VE 00 0-62024E 00 O-bO343E 00 0.58355E 00 0-56239E 00 0.54117F 00 0.52068E 00 
4 ( 1 U I =  0.59386E 00 0.62463E 00 0.63389E 00 0.62903E 00 0.61557E 00 0.59740E 00 0.57717E 00 0.55661E 00 0.53685E 00 

N = 1 X = Y W I Y C R  5 0-80000E 00 YT F L O Y  C I L C  = 0.61444E 00 0 * -0.38439E-01 

Y S H  = 0.9741OE 00 YMH - 0.72576E 00 YPH = 0.58138E 00 
YSM = 0.10609E 01 YMM = 0.7500M 00 YPR = 0.57337E 00 
Y S T  = 0.116ZSE 01 YMT = 0.79656E 00 UP1 * J.60434E 00 

L I l K l =  0.63343E 00 0.62613E 00 0.61270E 00 0.59566E 00 0.5TIBlE 00 0.55139E 00 0.5382bE 00 0.5199% 00 0.50293E 00 
4 I I K l =  0.63114E 00 0.63304E 00 0.62354E 00 0.50695E 00 0.58b38E 00 0.5b399E 00 0.5412ZE 00 0.51904E 00 0.49802E 00 
4 ( 1 U 1 =  0-61421E 00 0.63ZZZE 00 0.63204E 00 0.62046E 00 0-60237E 00 0.5BllOE 00 0.55885E 00 0.53703E 00 0.51653E 00 

N = 2 X YMMIYCR = O.7500M 00 Y l  FLOW C 4 L C  = 0.60127E 00 0 = -0.lb173E-01 

YSH = 0.90597E 00 YUH = 0.6750oE 00 UPH - 0.5407ZE 00 
YSM = 0.99013E 00 YMM = 0.7OOOOE 00 L 9 M  = 0.53514E 00 
YST = 0.10919E 01 YMT = 0.14819E 00 UP1 = 0.56764E 00 

A l I U l =  0.62719E 00 0.6134M 00 0.59535E 00 0.57509E 00 0-55406E 00 0.53323E 00 0.51324E 00 0.4945% 00 0.47723E 00 
4 l I K l =  0.63386E 00 0.62649E 00 0.6104OE 00 0.58929E 00 0.56572E 00 0.54142E 00 0.51754E 00 0.49477F 00 0.47355F 00 
AIIKI= 0-62l56E 00 0-63374E 00 0.62510E 00 0-60769E 00 0-58570E 00 0.56192E 00 0.53812E 00 0.51543E 00 0.49447E 00 

N = 3 I I Y * M I Y C R  = 0.70000E 00 Y T  F L O Y  C4LC = 0.58401E 00 0 = 0.12990E-01 

YSH = 0.93436E 00 YW = 0.69615E 00 YPH = 0.557b6E 00 
YSM = 0-10196F 01 YWM = 0.72083E 00 UPM = 0.55107E 00 
UsT = 0-11214E 01 NUT = 0.76835E 00 YPT = 0.58293E 00 

4 1 1 ( 0 =  0-63065E 00 0.61943E 00 0.60319E 00 0.58418E 00 0-5b398E 00 0.54367E 00 0-52399E 00 0.5054M 00 0.48819E 00 
d l I U I =  0-63365E 00 0-62999E 00 0.b1651E 00 0-59717E 00 0-57476E 00 0.55119E 00 0-52771E 00 0-50514F 00 0.48397E 00 
4 1 1 1 0 =  0-62287E 00 0-63385E 00 O.bZBb1E 00 0.61352E 00 0-59306E 00 0.57025E 00 0.54705E 00 0.52467E 00 0.50387E 00 

N = 4 X = YUMIYCR = 0.72083E 00 Y T  F L O Y  CLLC = 0.5917OE 00 0 = 0.6072ZE-05 
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Figure 1. - Fair o f  t yp ica l  turbine blades ? i th  three-dimensional orthogonal surface across f low passage. 
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CttdFlv I N P U T  D A T A  S H E E T  
The lowest l i n e  i n  each block displays Banan numerals for  card sequence a d  arabic nmera ls  far card columns 

within each card. 

13 

[nU numerical values (ColUnns@-9 ,q ) are entered i n   ne-cclunn f ie lds ,  (read i n  w i t h  a F O R W  format 
specification of B.5) us- as ---zz representing ~.xxxxx rmrltiplied by i@zz.]  

14 15 16 18 

I 

30 31 32 33 

l/sec I lb/sec I l/ft I 1/ft 1 ft  ft 

C.C. 

z s t a t i o n  

VIII 2-9 must be 
C.C. ( rmMWIC 1 

10-18 I 
Figure 5. - Input data sheet. 



Figure 6. - Coordinate system and ve loc i ty  components. 


